NASA/TP-2008-215533 



Pion, Kaon, Proton and Antiproton 
Production in Proton-Proton Collisions 


John W. Norbury and Steve R. Blattnig 
Langley Research Center, Hampton, Virginia 


October 2008 



The NASA STI Program Office ... in Profile 


Since its founding, NASA has been dedicated to the 
advancement of aeronautics and space science. The 
NASA Scientific and Technical Information (STI) 
Program Office plays a key part in helping NASA 
maintain this important role. 

The NASA STI Program Office is operated by 
Langley Research Center, the lead center for NASA’s 
scientific and technical information. The NASA STI 
Program Office provides access to the NASA STI 
Database, the largest collection of aeronautical and 
space science STI in the world. The Program Office is 
also NASA’s institutional mechanism for 
disseminating the results of its research and 
development activities. These results are published by 
NASA in the NASA STI Report Series, which 
includes the following report types: 

• TECHNICAL PUBLICATION. Reports of 
completed research or a major significant phase 
of research that present the results of NASA 
programs and include extensive data or 
theoretical analysis. Includes compilations of 
significant scientific and technical data and 
information deemed to be of continuing 
reference value. NASA counterpart of peer- 
reviewed formal professional papers, but having 
less stringent limitations on manuscript length 
and extent of graphic presentations. 

• TECHNICAL MEMORANDUM. Scientific 
and technical findings that are preliminary or of 
specialized interest, e.g., quick release reports, 
working papers, and bibliographies that contain 
minimal annotation. Does not contain extensive 
analysis. 

• CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees. 


• CONFERENCE PUBLICATION. Collected 
papers from scientific and technical 
conferences, symposia, seminars, or other 
meetings sponsored or co-sponsored by NASA. 

• SPECIAL PUBLICATION. Scientific, 
technical, or historical information from NASA 
programs, projects, and missions, often 
concerned with subjects having substantial 
public interest. 

• TECHNICAL TRANSLATION. English- 
language translations of foreign scientific and 
technical material pertinent to NASA’s mission. 

Specialized services that complement the STI 
Program Office’s diverse offerings include creating 
custom thesauri, building customized databases, 
organizing and publishing research results ... even 
providing videos. 

For more information about the NASA STI Program 
Office, see the following: 

• Access the NASA STI Program Home Page at 
http://www. sti. nasa.gov 

• E-mail your question via the Internet to 
help@sti.nasa.gov 

• Fax your question to the NASA STI Help Desk 
at (301) 621-0134 

• Phone the NASA STI Help Desk at 
(301) 621-0390 

• Write to: 

NASA STI Help Desk 

NASA Center for AeroSpace Information 

7115 Standard Drive 

Hanover, MD 21076-1320 



NASA/TP-2008-215533 



Pion, Kaon, Proton and Antiproton 
Production in Proton-Proton Collisions 


John W. Norbury and Steve R. Blattnig 
Langley Research Center, Hampton, Virginia 


National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton, Virginia 23681-2199 


October 2008 



Available from: 


NASA Center for AeroSpace Information (CASI) 
7115 Standard Drive 
Hanover, MD 21076-1320 
(301) 621-0390 

National Technical Information Service (NTIS) 
5285 Port Royal Road 
Springfield, VA 22161-2171 
(703) 605-6000 



Contents 


1 Introduction 1 

2 Kinematics 1 

3 Parameterizations 3 

3.1 Badhwar parameterization 4 

3.2 Alper parameterization 5 

3.3 Ellis parameterization 6 

3.4 Mokhov parameterization 6 

3.5 Carey parameterization 7 

4 Comparison to experiment 8 

4.1 Pions 8 

4.2 Kaons 8 

4.3 Proton and antiproton 8 

5 Conclusions 9 


iii 



List of Figures 

1 Badhwar parameterization versus experiment [19] for inclusive n + and n~ 

production in pp collisions at y/s = 23 GeV and y/s = 31 GeV. The rapidity 
for all of the top curves in each frame is y = 0.0. It increases in steps of 0.2 
from the top to the bottom curves in each frame. The data and lines in each 
frame are multiplied successively by 0.1 to allow for a better separation. . 10 

2 Same as figure 1, except that A /s = 45 GeV and y/s = 53 GeV 11 

3 Same as figure 1, except that y/s = 63 GeV 12 

4 Same as figure 1, except with Alper parameterization 13 

5 Same as figure 2, except with Alper parameterization 14 

6 Same as figure 3, except with Alper parameterization 15 

7 Same as figure 1, except with Ellis parameterization 16 

8 Same as figure 2, except with Ellis parameterization 17 

9 Same as figure 3, except with Ellis parameterization 18 

10 Same as figure 1, except with Mokhov parameterization 19 

11 Same as figure 2, except with Mokhov parameterization 20 

12 Same as figure 3, except with Mokhov parameterization 21 

13 Same as figure 1, except with Carey parameterization with y/s = 23 GeV 

and y/s = 31 GeV and y/s = 45 GeV for production only 22 

14 Same as figure 1, except with Carey parameterization with y/s = 53 GeV 

and y/s = 63 GeV for 7 r - production only 23 

15 Badhwar parameterization versus experiment [19] for inclusive K + and K~ 

production in pp collisions at y/s = 23 GeV and y/s = 31 GeV. The rapidity 
for all of the top curves in each frame is y = 0.0. It increases in steps of 0.2 
from the top to the bottom curves in each frame. The data and lines in each 
frame are multiplied successively by 0.1 to allow for a better separation. . 24 

16 Same as figure 15, except that y/s = 45 GeV and y/s = 53 GeV 25 

17 Same as figure 15, except that y/s = 63 GeV 26 

18 Same as figure 15, except with Alper parameterization 27 

19 Same as figure 16, except with Alper parameterization 28 

20 Same as figure 17, except with Alper parameterization 29 

21 Same as figure 15, except with Ellis parameterization 30 

22 Same as figure 16, except with Ellis parameterization 31 

23 Same as figure 17, except with Ellis parameterization 32 

24 Same as figure 15, except with Carey parameterization with y/s = 23 GeV 

and y/s = 31 GeV and y/s = 45 GeV for K~ production only 33 

25 Same as figure 15, except with Carey parameterization with y/s = 53 GeV 

and y/s = 63 GeV for K~ production only 34 


IV 



26 Alper parameterization versus experiment [19] for inclusive proton and an- 
tiproton production in pp collisions at y/s = 23 GeV and y/s = 31 GeV. 

The rapidity for all of the top curves in each frame is y = 0.0. It increases 
in steps of 0.2 from the top to the bottom curves in each frame. Data and 
lines in each frame are multiplied successively by 0.1 to allow for a better 
separation 35 

27 Same as figure 26, except that y/s = 45 GeV and y/s = 53 GeV 36 

28 Same as figure 26, except that y/s = 63 GeV 37 

29 Same as figure 26, except with Ellis parameterization 38 

30 Same as figure 27, except with Ellis parameterization 39 

31 Same as figure 28, except with Ellis parameterization 40 

32 Same as figure 26, except with Carey parameterization with y/s = 23 GeV 

and y/s = 31 GeV and y/s = 45 GeV for antiproton production only. ... 41 

33 Same as figure 26, except with Carey parameterization with y/s = 53 GeV 

and y/s = 63 GeV for antiproton production only 42 

List of Tables 

1 Constants for the Badhwar parameterization 5 

2 Constants for the Alper parameterization 5 

3 Constants for the Ellis parameterization 6 

4 Constants for the Mokhov parameterization 7 

5 Constants for the Carey parameterization 7 


v 



vi 



Abstract 


Inclusive pion, kaon, proton, and antiproton production from proton-proton 
collisions is studied at a variety of proton energies. Various available param- 
eterizations of Lorentz-invariant differential cross sections as a function of 
transverse momentum and rapidity are compared with experimental data. The 
Badhwar and Alper parameterizations are moderately satisfactory for charged 
pion production. The Badhwar parameterization provides the best fit for charged 
kaon production. For proton production, the Alper parameterization is best, 
and for antiproton production the Carey parameterization works best. How- 
ever, no parameterization is able to fully account for all the data. 


1 Introduction 

The peak of the galactic cosmic ray spectrum occurs right near the pion production 
threshold. Therefore, it is important to include pion and other particle production cross 
sections in space radiation transport codes. A widely used code is HZETRN [1, 2], This 
code has been modified to include pion production [3]. A current goal is to include the 
production and propagation of all important hadronic species. In order to do this, one 
needs cross sections for production of all important particles. The particle cross sections 
in space radiation transport codes need to be accurate in the intermediate energy region 
of a few GeV where the cosmic ray spectrum peaks. In addition, a current goal is to 
produce a fully three dimensional version of HZETRN, which therefore requires three 
dimensional differential cross sections. The aim of the present paper is to test currently 
available parameterized cross sections for kaon and antiproton production, and to see if 
they are suitable for use in space radiation codes. Pion and proton cross sections were 
also available and these are also included here for completeness. 


2 Kinematics 

Consider the inclusive reaction 


a T b — * c T X , (1) 

where c is the produced particle of interest and X is anything. Throughout this paper we 
assume that all variables, such as momentum, are evaluated in the center of momentum 
(cm) frame, unless otherwise indicated. Lab frame variables will be given a subscript. For 
example, the variable x evaluated in the cm frame is written as x but evaluated in the lab 
frame it is written as ;ri a b. The momentum of particle c is denoted as p , and supposing 
that it scatters at angle 6 to the beam direction, then the longitudinal and transverse 
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components of momentum are 


p z = pcosO , 
p T = p sin 9 . 


( 2 ) 

(3) 


Note that 

P 2 = Pi + Pt , ( 4 ) 

tan# = pr/Pz ■ (5) 

Feynman used a scaled variable instead of p z itself [4, 5, 6, 7]. The Feynman scaling 
variable is [6, 8, 9, 10, 11, 12, 13] 


XF = (6) 

Pz max 

where p z is the longitudinal momentum of the produced meson in the cm frame, and 
Pz max is the maximum transferable momentum given by [9, 10, 13] 


with 


Pz max 


l\(s,m c ,m x ) 
4 s 


A (s, nii, nij) = (s — m- — mj) 2 — 4m-mj . 


(7) 

( 8 ) 


Note that 


Pz max P max • 


(9) 


Nagamiya and Gyulassy [10] point out that if c is a boson with zero baryon number, then 


rri x = rn A + m B , 


( 10 ) 


in agreement with the p z max formulas of Nagamiya and Gyulassy [10] and Cassing [13]. 
The Feynman scaling variable approaches the limiting value [11] 


2 p z 

xf — > —j= , as s-xxi. 

V* 


( 11 ) 


Also, it is obviously bounded in the following manner [6] 


— 1 < xf < 1 • 


( 12 ) 
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Sets of variables that are often used are either (p, 6) or ( p z ,pr )• Writing 


Pz = xf 


A (s,m c ,m x ) 


4 s 


( 13 ) 


shows that another useful and common variable set is ( x F ,p F ), which is used by Alt et al. 
[14, 15] when presenting their data. These variables are also used throughout the present 
work. Rapidity is defined as 



( E±Pz \ 
\E-Pz) ’ 


(14) 


so that 


E = rriT cosh y , 
p z = rriT sinh y , 

where the transverse mass is defined through 

2 2,2 771 2 2 

m T — m + p T = b — p z , 


(15) 

(16) 


( 17 ) 


with m as the mass of the produced particle c. This gives yet another useful variable set 
(; u,Pt )■ In the following work, it will be necessary to write the rapidity in terms of the 
Feynman scaling variable as 


1 . ( Jx 2 F + m 2 T /p 2 z max + x F 

^ = 2 ° s ~T T, 2/2 

\\j X F + ™,TlPl maxi-^F 

3 Parameterizations 

Blattnig et al. [16, 17] did a study of the various parameterizations available for in- 
clusive pion production in proton-proton collisions. They concluded that the Badhwar 
parameterization [18] worked the best for charged pion production. However, other pa- 
rameterizations [16, 19, 20, 21, 22] will be reviewed again to see which works best for 
the new experimental data. The Alt et al. [14, 15] data set uses the variables (x F ,p F ), 
whereas some of the other parameterizations are written in terms of other variables sets. 
These will need to be converted to (. x F ,p F ). 
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3.1 Badhwar parameterization 

The Badhwar parameterization [18] gives the Lorentz-invariant differential cross section 
for charged pions as 


d 3 p 



and neutral pions as 


A 

(1 + 4nip/s) r 


(1 — x) q exp[j- 


-Bpr ] 
+ 4 mj/s 


d 3 p 



Af(E p )( l-x)«exp[ 


—Bp T 
1 + 4 m 2 p /s 
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and charged kaons as 


d 3 p 


(K*) 


A( 1 — x) c exp (—Bp T ) , 


(19) 


( 20 ) 


( 21 ) 


where m p is the proton mass, \/s is the total energy in the center of momentum (cm) 
frame, and px is the transverse momentum of the produced meson in the cm frame. The 
other terms are given by 


x 


x, 


+ -(Pt + m 2 ) 


1 1/2 


( 22 ) 


where it is assumed that the variables appearing in xp are in the cm frame. The mass m 
is the mass of the produced particle (pion or kaon). Badhwar writes xt = xf- Also, 


C\ + C-2Pt + C 3 Pt 
y + 4 m^/s 


(23) 


The function f(E p ) for neutral pions is given by 

f(E p ) = (1 + 23£; 2 - 6 )(l - 4 mpsy , (24) 

with the constants listed in Table 1. Badhwar points out that for large values of E p , 
equation (20) takes the asymptotic form 

d 3 rr 

E-— (7T°) = Aexp(— Bp T )(l — x) ( - Ci ~ C2Pt+C3P t'> , (25) 

d 3 p 

consistent with the Feynman scaling hypothesis [6]. The Badhwar variables are ( xf,Pt ), 
which are also used in the Alt et al. [14, 15] data, and no variable conversion is necessary. 
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Table 1: Constants for the Badhwar parameterization. 


Particle 

A 

B 

r 

C 

Ci 

c 2 

c 3 

7T + 

153 

5.55 

1 


5.3667 

-3.5 

0.8334 

7T^ 

127 

5.3 

3 


7.0334 

-4.5 

1.667 

7T° 

140 

5.43 

2 


6.1 

3.3 

0.6 

K + 

8.85 

4.05 


2.5 




K~ 

9.3 

3.8 


8.3 





3.2 Alper parameterization 

The Alper [19] parameterization for charged pions and kaons, protons and antiprotons is 

T7 d3(X A ( R \ / n 2 n . a (1 -pr/Pbeam)"* (n „s 

E tfp = Al ex P ( b Pt ) eM-Dy ) + A 2 ^ + M2)n , (26) 

with the constants listed in Table 2. The Alper variables are ( y,PT )• To change to the 
variables (. xf,Pt ), we convert the rapidity in equation (26) to xf using equation (18). 


Table 2: Constants for the Alper parameterization. 


Particle 

Ai 

D 

D 

A 2 

M 

m 

n 

7T + 

210 

7.58 

0.20 

10.7 

1.03 

10.9 

4.0 

7 

205 

7.44 

0.21 

12.8 

1.08 

13.1 

4.0 

K+ 

14.3 

6.78 

1.5 

8.0 

1.29 

12.1 

4.0 

K~ 

13.4 

6.51 

1.8 

9.8 

1.39 

17.4 

4.0 

P 

5.3 

3.8 

-0.2 

16 

1.2 

0 

7.5 

P 

1.89 

4.1 

2.3 

25 

1.41 

25 

4.5 
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3.3 Ellis parameterization 

The Ellis [20] parameterization for charged pions, neutral pions, charged kaons, protons 
and antiprotons is 


E— = A{p% + M 2 )~ n / 2 { 1 - x t ) F , (27) 

d 6 p 

where A is an overall normalization fitted to be A = 13 in reference [16] and Xt = 
Pt / Pmax ~ 2 Pt/\/s- The same value of A is used in the present work. The other con- 
stants are listed in Table 3. The Ellis parameterization is independent of the emission 
angle 6, and so does not carry any dependence on p z , xf, y etc. 


Table 3: Constants for the Ellis parameterization. 


Particle 

N 

M 2 

F 

7T + 

7.70 

0.74 

11.0 

7l~ 

7.78 

0.79 

11.9 

7T° 

10.8 

2.3 

7.1 

K+ 

8.72 

1.69 

9.0 

K~ 

8.76 

1.77 

12.2 

P 

10.38 

1.82 

7.3 

P 

9.1 

1.17 

14.0 


3.4 Mokhov parameterization 

The Mokhov [21] parameterization is 

e £ = a(i — \ ex P (- r P r-) E(pt)C 2 (7j t ) , (28) 

dp \ Pmax ) \ O Y S J 

where 

Vi (pt) = (1 — H)exp(— Ep?) + D exp(-Fp^) for p T < 0.933 GeV, 

0.2625 

Vi (pr) = 7^2 + Q 87)4 for p T > 0.933 GeV, (29) 
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and 


V 2 (pr) = 0.7363 exp(0.875pT) 
V2 (pt) = 1 


for p T < 0.35 GeV, 
for p T > 0.35 GeV, 


(30) 


with the constants listed in Table 4. Using p — \Jp 2 z + Pt, gives the Mokhov variables 
( Pz,Pt ) which are transformed to (. xf,Pt ) using equation (13). 


Table 4: Constants for the Mokhov parameterization. 


Particle 

A 

B 

C 

D 

E 

F 

7T + 

60.1 

1.9 

0.18 

0.3 

12 

2.7 

7 r” 

51.2 

2.6 

0.17 

0.3 

12 

2.7 


3.5 Carey parameterization 

The Carey [22] parameterization, for negative pions, negative kaons, and antiprotons is 

s]3 . r 

E = ^N{pt + G) _4,5 (l — xr) j , (31) 

where N is an overall normalization fitted to be N = 13 in reference [16] and Xr = 
p/pmax ~ 2 p/y/s. The same value of N is used in the present work. The constants are 
listed in Table 5. The Carey variables are ( P z ,Pt )• To change to the variables (. xr,Pt ), 

we use x R = /SI. 


Table 5: Constants for the Carey parameterization. 


Particle 

N 

h 

G 

J 

7T~ 

13 

1.0 

0.86 

4 

K~ 

13 

0.36 

1.22 

5 

p 

13 

0.26 

1.04 

7 
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4 Comparison to experiment 

The various parameterizations are compared to the experimental results of Alper et al. 
[19] in figures 1 - 33. We now discuss how well they agree. 

4.1 Pions 

Pion results are shown in figures 1 - 14. All fits are of similar quality when comparing 7r + 
to 7r~. The Carey parameterization only applies to 7 r~. The Badhwar and Alper param- 
eterizations provide an excellent fit to the data for low values of transverse momentum 
px , but fail for high pt, with the Badhwar parameterization underpredicting data at high 
Pt and the Alper parameterization overpredicting at high px- The Ellis and Carey pa- 
rameterizations work well at high px but fail at low pr- The Mokhov parameterization is 
the poorest. It does not work well in any px region. None of the parameterizations work 
well for all values of p T . For space radiation purposes, where large cross section values 
are the most important and which occur in the low px region, we conclude that either the 
Badhwar or Alper parameterization would be moderately satisfactory. Further work is 
needed to provide a good fit for all px values. 

4.2 Kao ns 

Kaon results are shown in figures 15-25. All fits are of similar quality when comparing K + 
to K~ . The Carey parameterization only applies to K~ . Comparison between the various 
parameterizations and experiment is similar to the pion case. (But there is no Mokhov 
parameterization.) However, here the Badhwar parameterization is clearly superior to all 
the others. 

4.3 Proton and antiproton 

Proton and antiproton results are shown in figures 26 - 33. Unlike the pion and kaon 
case, the fits here are of different quality depending on whether the particle is a proton or 
antiproton. The Badhwar parameterization is not available for protons and antiprotons. 
The Carey parameterization only applies to antiprotons. The Alper parameterization 
for protons is far superior to the Ellis parameterization. However, the Alper and Ellis 
results for antiprotons are poor. The Carey results for antiprotons are quite good. It is 
recommended that the Alper parameterization be used for protons and the Carey parame- 
terization be used for antiprotons. 



5 Conclusions 


Inclusive production of pions, kaons, protons and antiprotons has been studied in proton- 
proton collisions for incident proton energies of s/s = 23, 31, 45, 53, and 63 GeV, corre- 
sponding to incident lab kinetic energies of Tj ab = 280, 510, 1077, 1495 and 2113 GeV, 
respectively. Various available parameterizations have been compared to the experimen- 
tal data of Alper et al. [19]. The Badhwar or Alper parameterizations are moderately 
satisfactory for charged pion production. The Badhwar parameterization provides the 
best fit for charged kaon production. For proton production, the Alper parameterization 
is best, and for antiproton production the Carey parameterization works best. There is 
no parameterization available that works well for all particles at all values of px- Further 
work is needed to improve this situation, as well as studying lower energy. 

Based on the recommendations of the previous section, it is appropriate to include 
some of these parameterizations into modifications of HZETRN when it is upgraded to 
perform hadron transport. The Badhwar or Alper parameterization will be used for pion 
production, the Badhwar parameterization will be used for kaon transport, the Alper 
parameterization will be used for proton transport and the Carey parameterization will 
be used for antiproton transport. These parameterizations will be adequate for a first 
approximation. A better transport methodology will include improvements at lower en- 
ergies. 
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23 GeV (Badhwar) 7T + 


23 GeV (Badhwar) tt 




Figure 1: Badhwar parameterization versus experiment [19] for inclusive n + and n~ pro- 
duction in pp collisions at yfs = 23 GeV and y/s = 31 GeV. The rapidity for all of the top 
curves in each frame is y — 0.0. It increases in steps of 0.2 from the top to the bottom 
curves in each frame. The data and lines in each frame are multiplied successively by 0.1 
to allow for a better separation. 
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Figure 2: Same as figure 


1, except that y/s = 45 GeV and y/s 


53 GeV. 
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Figure 3: Same as figure 1, except that a/s = 63 GeV. 
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Figure 4: 


Same as figure 1, except with Alper parameterization. 
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Figure 5: Same as figure 2, except with Alper parameterization. 
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Figure 6: Same as figure 3, except with Alper parameterization. 
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Figure 7: Same as figure 1, except with Ellis parameterization. 
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Figure 8: Same as figure 2, except with Ellis parameterization. 
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Figure 9: Same as figure 3, except with Ellis parameterization. 
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Figure 10: Same as figure 1, except with Mokhov parameterization. 
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Figure 11: Same as figure 2, except with Mokhov parameterization. 
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Figure 12: Same as figure 3, except with Mokhov parameterization. 
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Figure 13: Same as figure 1, except with Carey parameterization with /s = 23 GeV and 
a/s = 31 GeV and yfs = 45 GeV for tt~ production only. 
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Figure 14: Same as figure 1, except with Carey parameterization with y/s = 53 GeV and 
a/s = 63 GeV for tt~ production only. 
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Figure 15: Badhwar parameterization versus experiment [19] for inclusive K + and K~ 
production in pp collisions at a/s = 23 GeV and y/s = 31 GeV. The rapidity for all of the 
top curves in each frame is y — 0.0. It increases in steps of 0.2 from the top to the bottom 
curves in each frame. The data and lines in each frame are multiplied successively by 0.1 
to allow for a better separation. 


24 


45 GeV (Badhwar) K 



Pt (GeV) 


53 GeV (Badhwar) K + 



Pt (GeV) 


45 GeV (Badhwar) K 



Pt (GeV) 


53 GeV (Badhwar) K 



Pt (GeV) 


Figure 16: Same as figure 15, except that yfs = 45 GeV and y/s = 53 GeV. 
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Figure 17: Same as figure 15, except that = 63 GeV. 
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Figure 18: Same as figure 15, except with Alper parameterization. 
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Figure 19: Same as figure 16, except with Alper parameterization. 
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Figure 20: Same as figure 17, except with Alper parameterization. 
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Figure 21: Same as figure 15, except with Ellis parameterization. 


30 


GeV 2 sr d J p GeV 2 sr 


45 GeV (Ellis) K 1 



Pt (GeV) 

53 GeV (Ellis) K 1 



Pt (GeV) 


45 GeV (Ellis) K 



Pt (GeV) 


53 GeV (Ellis) K 



Pt (GeV) 


Figure 22: Same as figure 16, except with Ellis parameterization. 
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Figure 23: Same as figure 17, except with Ellis parameterization. 
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Figure 24: Same as figure 15, except with Carey parameterization with = 23 GeV 
and a/s = 31 GeV and a/s = 45 GeV for K~ production only. 
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Figure 25: Same as figure 15, except with Carey parameterization with y/s = 53 GeV 
and a/s = 63 GeV for K~ production only. 
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Figure 26: Alper parameterization versus experiment [19] for inclusive proton and an- 
tiproton production in pp collisions at a/s = 23 GeV and a/s = 31 GeV. The rapidity for 
all of the top curves in each frame is y — 0.0. It increases in steps of 0.2 from the top to 
the bottom curves in each frame. Data and lines in each frame are multiplied successively 
by 0.1 to allow for a better separation. 
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Figure 27: Same as figure 26, except that y/s = 45 GeV and y/s = 53 GeV. 
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Figure 28: Same as figure 26, except that yfs = 63 GeV. 
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Figure 29: Same as figure 26, except with Ellis parameterization. 
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Figure 30: Same as figure 27, except with Ellis parameterization. 
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Figure 31: Same as figure 28, except with Ellis parameterization. 
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Figure 32: Same as figure 26, except with Carey parameterization with a/s = 23 GeV 
and a/s = 31 GeV and a/s = 45 GeV for antiproton production only. 


41 


53 GeV (Carey) p 




0 1 2 3 4 5 

Pt (GeV) 


Figure 33: Same as figure 26, except with Carey parameterization with y's = 53 GeV 
and a/s = 63 GeV for antiproton production only. 
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